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For efﬁcient transcription, RNA PolII must overcome the
presence of nucleosomes. The p38-related MAPK Hog1 is
an important regulator of transcription upon osmostress in
yeast and thereby it is involved in initiation and elonga-
tion. However, the role of this protein kinase in elongation
has remained unclear. Here, we show that during stress
there is a dramatic change in the nucleosome organization
of stress-responsive loci that depends on Hog1 and the RSC
chromatin remodelling complex. Upon stress, the MAPK
Hog1 physically interacts with RSC to direct its association
with the ORF of osmo-responsive genes. In RSC mutants,
PolII accumulates on stress promoters but not in coding
regions. RSC mutants also display reduced stress gene
expression and enhanced sensitivity to osmostress. Cell
survival under acute osmostress might thus depend on a
burst of transcription that in turn could occur only with
efﬁcient nucleosome eviction. Our results suggest that the
selective targeting of the RSC complex by Hog1 provides
the necessary mechanistic basis for this event.
The EMBO Journal (2009) 28, 326–336. doi:10.1038/
emboj.2008.299; Published online 15 January 2009
Subject Categories: signal transduction; chromatin & trans-
cription
Keywords: chromatin remodelling; gene expression; osmo-
stress; RSC; SAPK Hog1
Introduction
Adaptation to environmental stress requires changes in many
aspects of cellular physiology. In eukaryotic cells, stress-
activated protein kinases (SAPKs) have an essential function
for proper cell adaptation to extracellular stimuli (Kyriakis
and Avruch, 2001). Exposure of cells to high osmolarity
results in rapid activation of a conserved family of SAPKs,
which include mammalian p38 and yeast Hog1 (de Nadal
et al, 2002; Sheikh-Hamad and Gustin, 2004). The SAPKs are
signalling molecules that can modulate gene expression in
response to speciﬁc environmental stimuli. Until recently, the
prevailing view on how SAPKs, and kinases in general,
modulate gene expression has been through direct phosphor-
ylation of transcription factors or co-regulatory proteins.
However, the observation that the SAPK Hog1 is recruited
to chromatin has lead to a new role for signalling kinases as
integral components of transcription complexes, inﬂuencing
gene expression in an unexpected way (Alepuz et al, 2001;
Proft and Struhl, 2002).
Recruitment of Hog1 to promoters through its association
with transcription factors bound to target promoters was
shown to be important to stimulate the recruitment of PolII,
the Rpd3 histone deacetylase and SAGA complexes allowing
for proper transcription initiation (Alepuz et al, 2003;
de Nadal et al, 2004; Zapater et al, 2007). Thus, binding
of Hog1 to promoters is critical to induce gene expression
upon stress and maximize cell survival. A recent report
suggests that nuclear localization of the MAPK and regulation
of gene expression might not be critical for cell viability at
high osmolarity (Westfall et al, 2008); however, a number
of mutants on transcription elements required for proper
gene expression upon stress display a phenotype of osmo-
sensitivity.
Recent reports have shown that binding of the Hog1 MAPK
to chromatin is not only restricted to promoters but it also
extends to coding regions of stress-responsive genes
(Pokholok et al, 2006; Proft et al, 2006). Activated Hog1
associates with elongating PolII and components of the
elongation complex and is found selectively recruited to the
entire coding region of osmotic stress genes. Hog1 increases
levels of PolII elongation complex and mRNA. Thus, in
addition to its various functions during transcriptional initia-
tion, Hog1 behaves as a transcriptional elongation factor that
is selective for genes induced upon osmotic stress (Proft et al,
2006).
Global in vivo binding analyses (ChIP-on-chip) have re-
vealed that in addition to Hog1, other signalling kinases such
as Tpk1 (the catalytic subunit of the PKA) or the Fus3 and
Kss1 MAP kinases are also found in coding regions of speciﬁc
genes (Pokholok et al, 2006). Thus, protein signalling kinases
may have a more general role as chromatin-associated
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326enzymes than previously anticipated. At this point, however,
the role of these kinases in the coding regions remains
unclear, which opens a new dimension on transcription
regulation by signalling kinases.
Chromatin structure imposes signiﬁcant obstacles on all
aspects of transcription, from initiation to elongation.
Modiﬁcations at the surface of nucleosomes are critical for
transcription as they can disrupt chromatin contacts or affect
the recruitment of non-histone proteins to chromatin
(Kouzarides, 2007; Li et al, 2007). The dynamics of chromatin
structure are tightly regulated through multiple mechanisms,
including chromatin remodelling, histone variant incorpora-
tion, histone eviction and histone modiﬁcation. Chromatin
remodellers are specialized multi-protein complexes that
enable access to nucleosomal DNA by altering the structure,
composition and positioning of nucleosomes (Saha et al,
2006). The family of SWI/SNF remodellers is known to
participate in many aspects of gene expression, in general
to promote transcription. The RSC complex is a member of
the SWI/SNF family and is characterized for modifying
nucleosome structure through ATP hydrolysis. Interestingly,
it has been shown that in vitro stimulation of transcription
through a chromatin template requires RSC for efﬁcient PolII
elongation through DNA loop formation to make nucleoso-
mal DNA accessible and making possible the process of
nucleosome mobilization and histone eviction (Sengupta
et al, 2001; Carey et al, 2006; Lorch et al, 2006; Zhang et al,
2006). In addition, chromatin alterations have been shown to
occur at RSC-occupied genes in rsc mutants (Moreira and
Holmberg, 1999; Soutourina et al, 2006). The RSC complex is
known to be targeted to speciﬁc genes by binding to activa-
tors or other components of the transcriptional machinery
(e.g. Govind et al, 2005).
Global binding assays showed that Rsc1 and Rsc2 associate
with about 700 target promoters that include RNA PolIII- and
RNA PolII-dependent genes. RSC displays distinct modes of
association with promoters but, it is worth noting that
regulated association of RSC is correlated with transcriptional
activation of genes involved in carbohydrate metabolism and
occurs prior to RNA PolII recruitment. In addition, genome-
wide localization of Rsc9 indicated a relationship between
genes targeted by RSC and genes regulated by stress (i.e.
hydrogen peroxide or rapamycin). Although these studies did
not shed light on how RSC was targeted to chromatin and the
speciﬁc function of RSC on the transcription process, they
clearly showed that external stimuli induced changes in RSC
genome-wide localization that correlated with induction or
repression of speciﬁc families of genes (Damelin et al, 2002;
Ng et al, 2002).
In this study, we show that the Hog1 MAPK interacts with
the RSC chromatin-remodelling complex to mediate its re-
cruitment to osmo-responsive genes. The RSC targeting is
required for the massive nucleosome rearrangements found
in osmostress genes in response to high osmolarity. Indeed,
we show that a defect in RSC function results in distinctly
lower gene expression of these genes during acute osmo-
stress, albeit showing accumulation of PolII at the promoters.
Therefore, our results deﬁne a novel function for Hog1 at the
stress loci—that is the targeting of the RSC complex to a
speciﬁc set of genes to mediate chromatin remodelling for
efﬁcient polymerase progression and proper gene expression
and maximal cell survival upon stress.
Results
Mutants in the RSC complex are sensitive to osmostress
and display reduced osmostress gene expression
The ability of cells to survive at high osmolarity depends
on the HOG signalling pathway and the control of gene ex-
pression exerted by the Hog1 MAPK. We performed a
genome-wide screen to identify activities required for full
expression of the gene programme required for cell survival
upon osmostress. This screen identiﬁed several complexes
such as the Rpd3 histone deacetylase complex, SAGA,
Mediator and components of the TEC that are important for
gene expression in response to osmostress (Proft et al, 2006;
Zapater et al, 2007). In addition, mutations in RSC1 and NPL6
were identiﬁed that yielded cells osmosensitive at high
osmolarity. Both genes encode non-essential components of
the RSC complex. We then analysed whether cells containing
mutations on key components of the RSC complex also
displayed a similar phenotype. We analysed cell growth in
the presence of high osmolarity in strains containing RSC
components tagged with a degron mark to stimulate degrada-
tion of the proteins (Campsteijn et al, 2007). Cells with
reduced amount of Rsc8, Rsc3 or Rsc9 are even more
sensitive to high osmolarity than rsc1- or npl6-deﬁcient
strains while they still grow in media without osmostress
(Figure 1A; Supplementary Figure S5 and not shown). We
then asked whether a double mutant hog1 rsc9
deg was more
osmosensitive than the single mutants were. As shown in
Figure 1B, the osmosensitivity of the double mutant is very
similar to the single hog1 mutant, suggesting that both genes
might fall into the same pathway.
We then tested whether mutations in RSC components
resulted in decreased osmostress gene expression. Expression
of osmo-responsive genes such as STL1, CTT1 and GRE2 is
signiﬁcantly affected in these mutant strains (Figure 2A and B,
and not shown. Quantitative data are shown in
Supplementary Figure S1). These three genes are driven by
different transcription factors under the control of the Hog1
MAPK (i.e. Hot1, Msn2/Msn4 and Sko1, respectively) and
thus indicate a general defect on stress-responsive genes
rather than a defect associated with a given transcription
factor. Importantly, the RSC mutants, although showing a
reduction in gene expression, they display similar Hog1
activation than the wild type in response to osmostress
(data not shown). Correspondingly, the analysis of gene
expression in a rsc9
ts strain under non-permissive tempera-
ture showed that a ts mutation in RSC9 also strongly reduces
expression of osmo-responsive genes upon stress (Figure 2C).
The deletion of rsc1 or npl6 results in cells not as osmosensi-
tive as to inactivation of RSC3, RSC8 or RSC9.
Correspondingly, osmostress gene expression is reduced to
a lesser degree in npl6 and rsc1 strains (Figure 2B). Under the
same non-permissive conditions, induction of GAL1 in the
presence of galactose was not affected (Figure 2D). Therefore,
as it is the case for promoter-associated factors and elonga-
tion factors, the RSC complex is important for gene expres-
sion in response to osmotic stress and for the ability of the
cells to grow at high osmolarity.
Hog1 interacts with the RSC complex
We previously showed that Hog1 interacted with several
complexes (e.g. SAGA and Rpd3) to recruit them at the
Hog1 targets RSC to remodel stress genes
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Hog1 is able to interact with the RSC chromatin remodelling
complex by performing GST pull-down experiments in
extracts from osmotically stressed cells expressing GST–
Hog1 and TAP-tagged versions of Rsc3, Sth1 and Rsc9 (all
bona ﬁde components of the RSC complex). In all cases,
GST–Hog1, but not the GST control, co-precipitates the TAP-
tagged RSC components and not with a control protein such
as TAP–Bdf1 (Figure 3; Supplementary Figure S2C). Binding
of RSC subunits with Hog1 might be stress dependent.
Correspondingly, GST–Rsc9 was also able to pull down
HA–Hog1 from osmotically stressed cells (Supplementary
Figure S2A). Also, interaction was observed between Rsc3
and Hog1 both chromosomally tagged (Supplementary Figure
S2B). Similar results were obtained using extracts treated
with DNAse (not shown). Thus, the pull-down experiments
indicate that Hog1 physically associates with the RSC com-
plex. In addition, they strongly support the idea that Hog1
could be targeting RSC to the stress-responsive genes.
RSC associates with osmo-responsive genes
upon stress
Hog1 associates with osmo-responsive gene promoters and
throughout the entire transcribed region of target genes in
response to stress (Alepuz et al, 2001; Pokholok et al, 2006;
Proft et al, 2006). Considering that Hog1 associates with the
RSC complex, we asked whether RSC was recruited to osmo-
responsive genes in response to stress by Hog1. We utilized
chromatin immunoprecipitation to follow the binding of Rsc1
and Rsc9 components of the RSC complex to various regions
of osmostress-activated genes (STL1 and CTT1) before and
after the addition of NaCl. Chromatin from wild-type and
hog1D cells expressing functional epitope-tagged Rsc1 and
Rsc9 from their natural locus was immunoprecipitated and
analysed by PCR. As shown in Figure 4A (and data not
shown), both subunits of the RSC complex associate speciﬁ-
cally with osmo-responsive genes only in response to osmo-
stress and its recruitment is completely dependent on HOG1.
Results are shown as the fold induction of treated against the
untreated cultures (see Materials and methods). It is worth
noting that we could only detect binding of RSC to the coding
regions and not to the promoters of stress-responsive genes
(see Discussion). The binding kinetics of Rsc9 to stress
coding regions is similar to Hog1 (data not shown).
Therefore, our data suggested a possible role for RSC in a
transcriptional process that occurs after the initiation step.
Our results suggest that RSC is recruited by Hog1 to stress
genes and thus, binding of Hog1 should be independent of
RSC. To determine whether binding of Hog1 was independent
of RSC, we utilized chromatin immunoprecipitation to follow
the binding of Hog1 to STL1 before and after the addition of
NaCl. Chromatin from wild-type and rsc9
ts cells expressing
functional epitope-tagged Hog1 from their natural locus was
immunoprecipitated and analysed by PCR. Results are shown
as the fold induction of treated against the untreated cultures
(time 0; see Materials and methods). As shown in Figure 4B
(left panels), Hog1 binds to the promoter of STL1 either in
wild-type and rsc9-deﬁcient strains upon stress. Therefore, in
contrast to RSC binding, that is dependent on Hog1, binding
of Hog1 does not depend on RSC. It is worth noting that Hog1
recruitment is reduced at the 30 terminus of the coding region
in rsc9-deﬁcient cells. The lack of Hog1 in this region corre-
lates with the lack of polymerase on the same region
(Figure 4B, right panels).
Defects on speciﬁc promoter-associated factors, which are
important in the regulation of osmo-responsive genes, result
in reduced accumulation of PolII at stress genes. Thus, we
assessed by ChIP the presence of polymerase on the promoter
and coding region of STL1 in wild-type and rsc9
ts strains in
response to osmostress. As shown in Figure 4B (right panels),
PolII is recruited on the promoter of STL1 in response to
stress in the rsc9
ts strain as efﬁciently as in the wild type.
wt
hog1Δ
rsc1Δ
rsc8r deg
rsc3 deg
rsc9 deg
YPD
YPD
1.2M NaCl
YPD
2M Sorbitol
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B
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0.8M NaCl
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Figure 1 Mutations in the components of the RSC complex affect cell survival at high osmolarity. (A) Wild-type and the indicated mutant
strains were spotted on YPD plates without and with 1.2M NaCl or 2M sorbitol. Growth was scored after 4 days. (B) The rsc9
deg hog1D double
mutant grows similarly at high osmolarity conditions than the single hog1D strain. Wild-type and the indicated mutant strains were spotted on
YPD plates without and with osmotic stress conditions. Growth was scored after 4 days.
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regions along STL1, PolII recruitment was clearly defective on
the 30 end of the coding region in rsc9
ts mutant cells.
Therefore, although the lack of RSC does not seem to affect
the recruitment of PolII at stress promoters, it strongly affects
PolII progression throughout the gene.
Hog1 mediates nucleosome reorganization
at stress-responsive loci
It has been shown that RSC can promote nucleosome remo-
delling when associates with chromatin (Saha et al, 2006).
The targeting of RSC by Hog1 to osmostress genes prompted
us to analyse whether Hog1 was promoting nucleosome
rearrangements at osmo-responsive genes upon stress.
Chromatin from HA-tagged H2A or H2B in wild-type and
hog1D cells subjected to osmostress was immunoprecipitated
using speciﬁc antibodies against anti-HA epitope or anti-H3
and H4 and analysed by PCR. As shown in Figure 5A,
a dramatic reduction of all histones is observed at both
promoter and coding regions of STL1 gene only in
response to osmostress. Interestingly, no reduction in binding
of any of the histones is observed in stressed hog1D cells.
Similar effects were observed at GRE2 and CTT1
(Supplementary Figure S3A), whereas no changes in histone
composition could be observed in a non-stress-responsive
gene such as ACT1 (Supplementary Figure S3B). Kinetic
analyses of the in vivo binding of histone H3 and H4 at
STL1 in response to osmostress showed that histone eviction
is transient and correlates with Hog1 activation (Figure 5B;
Supplementary Figure S4). Thus, Hog1 is promoting massive
histone eviction at osmo-responsive genes in response to
osmostress.
To support the data from ChIP analyses and shed some
light on chromatin organization, we analysed the nucleosome
pattern in the STL1 gene by performing micrococcal nuclease
(MN) digestion of chromatin before and after stress.
Wild-type and hog1 strains were subjected with or without
osmostress (same conditions used for ChIP analyses) and
A
B
0   5  10  15  30
wt rsc3deg rsc8deg rsc9deg
STL1
CTT1
ACT1
0   5  10  15  30 0   5  10  15  30 0   5  10  15  30 (min)
C
wt npl6Δ
0    5  10  15  30     0    5   10  15   30     0    5   10 15  30 (min)
STL1
CTT1
ACT1
rsc1Δ
wt rsc9ts
0    5  15  30  60    0    5    15  30   60
GAL1
ACT1
wt rsc9ts
0   5   15  30    0   5  15  30 (min)
(min)
STL1
CTT1
ACT1
D
Figure 2 Mutations in the components of the RSC complex display impaired osmostress gene expression. (A) RNA levels in wild-type and
mutant strains (rsc3
deg, rsc8
deg and rsc9
deg strains) grown in YPGal medium up to mid-log phase, subjected to 2h at 371C and then subjected to
osmotic shock (0.4M NaCl) for the indicated times are shown. (B) RNA levels in wild-type and RSC mutant strains (rsc1D and npl6D) grown in
YPD medium up to mid-log phase and subjected to a mild osmotic shock (0.4M NaCl) for the indicated times are shown. (C) rsc9
ts mutation
affects osmostress gene expression. Indicated strains were subjected to osmotic stress (0.4M NaCl) for the indicated times. Total RNA was
assayed by northern blot for STL1, CTT1 and ACT1 (as a loading control). (D) Induction of the GAL1 gene is not affected by mutation in rsc9.
Wild-type and rsc9
ts strains were grown at 251C in YPRaf, shifted to 371C for 1h 30min until OD660 0.7–0.9 and induced with galactose 2% for
the indicated times. Total RNA was assayed by northern blot for GAL1 expression and ACT1 as a loading control.
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prevent Hog1 activation during spheroplast preparation (see
Materials and methods). We found that the digestion pattern
of STL1 is consistent with the fact that without stress, STL1
exhibits strongly positioned nucleosomes at the promoter,
coding and 30 regions. Interestingly, in response to osmostress
the patterning for nucleosome positioning dramatically
changes and chromatin displays a similar digestion pattern
as naked DNA (Figure 6). In accordance with the ChIP
analyses, MNase digestion showed that exposure to osmos-
tress of hog1D cells did not affect nucleosome organization
when compared with non-stressed cells (Figure 6).
Nucleosome positioning did not change in the non-stress-
responsive genes such as ACT1 or GAL1 upon stress as
observed by ChIP (data not shown). Therefore, data from
both of our chromatin assays support the idea that activated
Hog1 induces nucleosome re-positioning at osmo-responsive
genes.
RSC function is required for nucleosome reorganization
upon osmostress
It was reported that the SWI/SNF chromatin remodeller
associates with osmo-responsive promoters upon stress
(Proft and Struhl, 2002). Thus, we studied whether this
complex or the RSC complex could be involved in the
dynamic changes in chromatin structure. In contrast to
RSC, deletion of SNF6 did not affect cell survival or gene
expression of STL1 and CTT1 upon osmostress (Figure 7A
and B). Correspondingly, in snf6 cells, histone eviction upon
stress was similar to wild type (Figure 7C).
The association of Hog1 with the RSC complex suggested
that the RSC complex might be one effector of Hog1 that
mediates chromatin remodelling. We therefore tested
whether the RSC complex is indeed important for histone
eviction in stress-responsive genes. Chromatin from
wild-type and rsc9
ts cells subjected to osmostress was
immunoprecipitated using speciﬁc antibodies against H3
and analysed by PCR. As shown in Figure 8A, a decrease in
histone H3 binding was observed upon osmostress at the
STL1 loci in wild-type cells, which was observed neither in
rsc9
ts cells nor in hog1-deﬁcient cells. Similar results were
obtained when histone H3 eviction was analysed at the CTT1
locus (not shown). Moreover, identical results were obtained
when the rsc9 degron strain was tested (not shown).
Therefore, in contrast to Snf6, RSC mutation had a clear
difference on chromatin dynamics. We then analysed the
nucleosome pattern in the STL1 gene by MN digestion of
chromatin before and after stress in wild-type and rsc9
ts
strains as before. We found that although the digestion
pattern of STL1 in -type and rsc9
ts strains without stress is
slightly different, in response to stress the patterning for
nucleosome positioning almost do not change in a rsc9
ts
strain (Figure 8B). Correspondingly, gene expression in re-
sponse to osmostress was reduced in the rsc9
ts strain
(Figure 2C). Therefore, both ChIP and MNase analyses have
shown that RSC function is required for chromatin remodel-
ling at osmo-responsive genes upon stress. Taken together,
although SWI/SNF is recruited to stress genes, RSC is the key
remodeller to promote chromatin reorganization upon stress.
Discussion
The SAPKs regulate the expression of speciﬁc classes of genes
that permit the adaptation to environmental stress. Often,
SAPKs trigger the necessary response by directly regulating
transcriptional initiation through phosphorylation of tran-
scriptional regulatory proteins. However, at least in yeast,
the SAPK Hog1 engages in the transcription programme in
general terms by taking up a role as an integral component of
several transcription complexes. In its active form, Hog1
directs the recruitment of the PolII holoenzyme and the
Rpd3 and SAGA complexes to stress-responsive promoters
(Alepuz et al, 2003; de Nadal et al, 2004; Zapater et al, 2007).
A similar scenario seems to be observed on mammalian
genes. During skeletal myogenesis, the p38 MAPK (the
mammalian homologue of the Hog1 MAPK) is recruited to
muscle-speciﬁc promoters and there it participates in the
recruitment of chromatin-remodelling activities such as
SWI/SNF (Simone et al, 2004). Moreover, recent reports
have shown that the role of Hog1 may not be just limited
to transcription initiation but rather extends to the process of
transcriptional elongation. Here, Hog1 interacts with elonga-
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Figure 4 Hog1 mediates the recruitment of RSC to stress genes, whereas binding of Hog1 is independent of RSC. (A) Hog1 mediates the
recruitment of the RSC complex to stress-responsive genes in response to osmotic shock. Rsc9 association in vivo by ChIP with the ORF regions
of STL1 and CTT1 loci in wild-type and hog1D strains (containing HA-tagged Rsc9) that were (open bars) or were not (ﬁlled bars) subjected to
osmostress (0.4M NaCl, 10min) is shown. Results are shown as the fold induction of treated against the untreated cultures normalized to a
telomere internal control. Data represent the mean and standard deviation of three independent experiments. (B) The RSC complex is required
for proper RNA PolII occupancy at the 30 end of the coding region of STL1 after osmostress. Wild-type (ﬁlled circles) and rsc9
ts (open circles)
strains expressing Hog1–HA tagged were grown in YPD at 251C until OD660 0.5, shifted to 371C for 1h 30min and samples were taken after
treatment with 0.4M NaCl for the indicated times. ChIP samples were immunoprecipitated using anti-HA antibody or anti-Rpb1 antibody
(8WG16; Covance). Real-time PCR was performed to determine relative occupancy of Hog1–HA (left panels) and RNA PolII (right panels) to
STL1 promoter and two different regions within the coding region (50ORFand 30ORF) normalized to the telomere control. Results are shown as
the fold induction of treated against the non-treated (time 0). Data represent the mean and standard deviation of three independent
experiments.
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production, an observation that deﬁnes Hog1 as a bona ﬁde
elongation factor, with the novel feature that its role in
elongation is restricted to osmo-responsive genes (Pokholok
et al, 2006; Proft et al, 2006). This contention is underlined by
the fact that the active protein kinase can be crosslinked
speciﬁcally to DNA sequences that span the open reading
frame of osmo-responsive genes. In addition to Hog1, other
signalling kinases are also present at the coding regions of target
genes (Pokholok et al, 2006). Although the mechanism by
which these signalling kinases regulate transcription is still
unknown, it opens novel roles for these group of kinases in
chromatin (Chow and Davis, 2006; Edmunds and Mahadevan,
2 0 0 6 ) .T h es t u d yd e s c r i b e dh e r ec l e a r l yp r o v i d e so n ei m p o r t a n t
example towards this possibility by establishing a surprising
connection among a prototypical signalling kinase, a chromatin
remodelling factor (RSC) and a speciﬁc state of chromatin.
Recruitment of Hog1 to ORFs of stress genes is initially
identical to that of the PolII. However, the presence of SAPK is
temporally more restricted, suggesting a role for the SAPK
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Figure 5 Hog1 is required for nucleosome reorganization in response to osmostress. (A) Association of histones H3, H4, HA–H2A and
HA–H2B with the STL1 promoter and STL1 ORF in wild-type and hog1D strains that were (þ) or were not ( ) exposed to hyperosmotic stress
(0.4M NaCl) is shown. Histones were immunoprecipitated with antibodies against H3 (Abcam), H4 (Abcam) and anti-HA. Binding to STL1
promoter and open-reading frame (ORF) was determined by ChIP. As an internal loading control, PCR samples were ampliﬁed with a telomere
region (upper band). Control lanes show DNA ampliﬁed from extracts prior to immunoprecipitation (WCE) or without tagged protein (no tag).
Quantiﬁcation is depicted as fold binding over TEL and results are shown as the fold induction of treated against the untreated cultures.
(B) Kinetics of histone H3 and H4 binding under osmostress conditions. In vivo binding of histone H3 and H4 to STL1 promoter and coding
region is shown in wild-type (squares) and hog1D (triangles) strains after osmostress. Quantitative data were obtained by real-time PCR and
TEL was used as a reference control. Results are shown as the fold induction of treated against the untreated (time 0) cultures. Data represent
the mean and standard deviation of three independent experiments.
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occupying the stress-responsive genes provide an obvious
candidate structure to serve as the target of the Hog1 (Proft
et al, 2006). This speculation seems to be correct, as we
found that in response to Hog1 activation there is a transient
but quite dramatic change in the nucleosome positioning and
the overall occupation levels upon stress at the osmo-respon-
sive loci. Hog1, however, mediates nucleosome rearrange-
ments at stress genes not by direct modiﬁcation of histones
but by physically associating and targeting the chromatin
remodelling RSC complex to the coding regions. Indeed,
mutations that affect RSC activity display severe defects on
gene expression of stress genes and mostly abolish nucleo-
some remodelling at the stress loci. Interestingly, although
PolII is recruited efﬁciently on the promoters of strains
deﬁcient on RSC, PolII is not present at the 30 region of the
ORFs. Thus, chromatin reorganization is critical for polyme-
rase progression and proper gene expression upon stress.
Recruitment of Hog1 to osmo-responsive genes occurs
at the promoters through binding to speciﬁc transcription
factors and independently at the coding regions of the genes
through the 30 UTRs (Proft et al, 2006). We have observed
that RSC is important to mediate nucleosome reorganization
at both promoter and coding region of osmo-responsive
genes; however, we detect only the recruitment of RSC at
the coding regions of stress genes. Although we cannot
exclude that binding of RSC also occurs at the promoters
with less afﬁnity than in the coding regions, it might be that
Hog1 mediates the recruitment of RSC once the TEC is formed
after an initial round of transcription. Actually, maximal
histone displacement is observed 10min into the stress
response and importantly 5min after PolII is already maxi-
mally recruited at the promoters (Proft et al, 2006). Thus,
together these results should deﬁne a role for the SAPK at the
elongation phase of transcription. It has been shown that
other remodellers are associated with stress genes such as
SWI/SNF (Proft and Struhl, 2002); however, in contrast to
mutations on RSC, mutations on SWI/SNF do not affect gene
expression, histone eviction or osmosensitivity.
It has been shown that RSC is able to stimulate chromatin
remodelling and to mediate active transcription from a
paused polymerase within a gene (Carey et al, 2006).
However, the relevance in vivo for the remodelling of
a speciﬁc subset of genes has not been described. Genome-
wide binding analyses showed that strong changes in the
localization of RSC components occur upon different type of
stresses, indicating that external stimuli promote changes in
RSC activity that can be mediated by signalling molecules
(Damelin et al, 2002; Ng et al, 2002). Interestingly, the
speciﬁcity for the RSC to stress genes might be determined
by the direct targeting of the MAPK to stress-responsive
genes. We have also tested whether Hog1 can modify RSC
by direct phosphorylation. So far, we have only identiﬁed
Npl6 as a direct substrate of the MAPK; however, mutation on
the phosphorylation site, albeit completely eliminated Hog1
phosphorylation, did not affect gene expression. Thus, this
could indicate that selective tethering by the MAPK is critical
for the remodelling. Therefore, our results deﬁne a novel
function for Hog1 at the stress loci, that is the targeting of the
RSC complex to a speciﬁc set of genes to mediate chromatin
remodelling and enabling efﬁcient gene expression and max-
imal cell survival.
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Figure 6 Hog1 mediates major changes in nucleosome positioning in response to high osmolarity. Chromatin and naked DNA from wild-type
and hog1D cells treated with (þNaCl) or without ( NaCl) were digested with micrococcal nuclease (MN), digested with EcoRI restriction
enzyme, resolved in agarose gels and hybridized with a DNA probe to map nucleosomes at chromosomal STL1. The depicted scheme shows
the location of nucleosomes (ovals) at the STL1 gene in the wild-type strain without stress.
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Yeast strains and plasmid DNAs
Yeast strains used in this study are derived form BY4741 (MATa
his3-D1 leu2-D0 met15-D0 ura3-D0): chromosomally integrated
strains that express tag-TAP proteins under its own promoter RSC3-
TAP, RSC9-TAP, DBF1-TAP and STH1-TAP (from the yeast TAP
collection; Open Biosystems) and deletion strains YGM61 (MATa
hog1HkanMx4), rsc1HkanMx4, npl6HkanMx4 and snf6HkanMx4.
Chromosomally integrated strains YGM164 (MATa HTA1-HA6-HIS3)
and YGM177 (MATa HTA1-HA6-HIS3 hog1HkanMx4) were genomi-
cally tagged at the C terminus of the HTA1 locus with a cassette
encoding 6-HA epitope tag and HIS3 as selectable marker. YGM165
(MATa HTB1-HA6-HIS3) and YGM181 (MATa HTB1-HA6-HIS3
hog1HkanMx4) were genomically tagged at the C terminus of the
HTB1 locus by means of the described HA6-HIS3 cassette. The
degron strains (MATa ADE2; his3-11,15; leu2-3,112; trp1-1;
ura3-1; Dlys2HrKWD50N, PGal1–10-mycHUBR1HHIS3) were rsc3
degron-URA3 (PCUP1-degronHrsc3HURA3), rsc8 degron-URA3
(PCUP1-degronHrsc8HURA3)a n drsc9 degron-URA3 (PCUP1-
degronHrsc9HURA3). The rsc9 degron strain was used to delete
the HOG1 gene by the LEU2 selectable marker (YGM264). Derivatives
from W303-1A (leu2-3,112 ura3-1 his-11 trp1-1 can1-100) was the rsc9
ts
strain (MATa fae1-2HTRP1) from Dr G Ammerer. W303
wild-type and hog1HkanMx4 strains were tagged in the genomic
locus of RSC9 and RSC1 at the C terminus with a sequence
encoding 6-HA epitope tag followed by the Schizosaccharomyces
pombe HIS3 as a selectable marker (YGM17, YGM23, YGM68 and
Y G M 7 9 ) .W 3 0 3w i l d - t y p e ,arsc9
ts or TAP–Rsc3 strains were
genomically tagged at the C terminus of the HOG1 locus with a
sequence encoding 6-HA epitope tag followed by the S. pombe HIS3 as
a selectable marker (YEN173, YGM248 and YGM285). The strains
containing tagged Hog1 or Rsc9 were fully functional. The plasmids
used in this study are derived from pRS426TEG1 (PTEF1-GST, URA3
þ,
2mm) vector. The GST-Hog1 plasmid was able to suppress the
osmosensitivity observed in a hog1 strain. The GST-Rsc9 plasmid was
able to complement the temperature sensitivity defect of a rsc9
ts strain.
Therefore, both plasmid expressed fully functional proteins.
Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described
previously (Kuras and Struhl, 1999; Alepuz et al, 2001). Yeast
cultures were grown to early log phase (OD600¼0.6–1.0) before
aliquots of the culture were exposed to osmotic stress treatment
(0.4M NaCl) for the time speciﬁed in the ﬁgure legends. For
crosslinking, yeast cells were treated with 1% formaldehyde for
20min at room temperature. Antibodies used in this study were
rabbit polyclonal to histone H3 and H4 (Abcam antibodies ab1791
and ab10158, respectively), and anti-Rpb1 (8WG16; Covance).
Monoclonal anti-HA and anti-MYC antibodies were also used to
immunoprecipitate HA- and Myc-tagged proteins. Primer mixes
were adjusted for balanced signals. Conventional and real-time PCR
analysis of stress genes and constitutively expressed genes utilized
the following primers with locations indicated by the distance from
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Figure 7 Mutations in the SWI/SNF complex do not signiﬁcantly affect cell viability, gene expression and histone eviction in stress-responsive
genes upon high osmolarity. (A) Wild-type (BY4741) and the indicated mutant strains were spotted on YPD plates without and with 1M NaCl
or 2M sorbitol. Growth was scored after 4 days. (B) RNA levels in wild-type and mutant strains (hog1D and snf6D strains) were grown in YPD
medium up to mid-log phase and then subjected to osmotic shock (0.4M NaCl) for the indicated times. Total RNAwas assayed by northern blot
for STL1, CTT1 and ACT1 (as a loading control). (C) Association of histone H3 in wild-type, hog1D, snf6D and rsc9
ts strains. Cells were grown at
251C until OD660 0.5, shifted to 371C for 1h 30min and treated (open bars) or untreated (ﬁlled bars) with 0.4M NaCl for 10min. Histone H3 was
immunoprecipitated with an anti-H3 antibody (Abcam). Quantitative data were obtained by real-time PCR, and TEL was used as a reference
control. Results are shown as the fold induction of treated against the untreated cultures. Data represent the mean and standard deviation of
three independent experiments.
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þ402/þ630 for 50 coding region; þ1550/þ1793 for 30 coding
region), CTT1 ( 452/ 160 for promoter; þ422/þ669 for coding
region), GRE2 ( 300/þ30 for promoter; þ340/þ620 for coding
region), ACT1 ( 389/þ30), GAL10 (þ150/þ316) and TEL1
(region 490bp right arm of chromosome VI). Experiments were
performed on three independent chromatin preparations, and
quantitative PCR analysis was performed in real time using an
Applied Biosystems 7700 sequence detector. Immunoprecipitation
efﬁciencies were calculated in triplicate by dividing the amount of
PCR product in the immunoprecipitated sample by the amount of
PCR product in the input sample. Data are presented as fold
immunoprecipitation over TEL sequence control.
GST pull-down experiments
To analyse the association of Hog1 with components of the RSC
complex, 1mg of yeast extract from cells expressing speciﬁc TAP- or
HA-tagged protein was incubated with 50ml of glutathione
Sepharose 4B beads overnight at 41C in buffer A (50mM Tris–HCl
pH 7.5, 15mM EDTA, 15mM EGTA, 0.1% Triton X-100, 150mM
NaCl, 2mM DTT plus antiproteases and phosphatase inhibitors).
The beads were washed extensively with buffer A, resuspended in
loading buffer and resolved by SDS–PAGE. The antibody used to
detect the TAP-/HA-tagged proteins was the PAP antibody from
Sigma or speciﬁc anti-HA antibody.
Northern blot analysis
Yeast strains were grown to mid-log phase in rich medium and then
subjected to osmotic shock (0.4M NaCl) for the indicated times.
Total RNA and expression of speciﬁc genes were probed using
labelled PCR fragments containing the entire open reading frame of
STL1 (1.7kb), CTT1 (1.7kb), GAL1 (0.87kb) and ACT1 (1.4kb).
MNase nucleosome mapping
Yeast spheroplasts and MN digestions were performed as described
previously with modiﬁcations (Cha ´vez et al, 1995). Spheroplasts
were prepared from mid-log phase cultures grown in SC-Ura with
2% glucose and either untreated or treated with salt (0.4M NaCl,
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Figure 8 RSC mediates major changes in nucleosome organization in response to high osmolarity. (A) Rsc9 is required for histone eviction at
STL1 loci in response to high osmolarity. Association of histone H3 in wild-type, hog1D and rsc9
ts strains is shown. Strains were grown at 251C
until OD660 0.5, shifted to 371C for 1h 30min and samples were either untreated (ﬁlled bars) or treated (open bars) with 0.4M NaCl for 10min.
Histone H3 was immunoprecipitated with an anti-H3 antibody (Abcam). Occupancy to STL1 promoter and ORF regions was normalized to TEL
as an internal control. Results are shown as the fold induction of treated against the untreated cultures. Data represent the mean and standard
deviation of three independent experiments. (B) Chromatin and naked DNA from wild-type and rsc9
ts cells were grown at 251C, shifted to 371C
for 1h 30min and treated with (þNaCl) or without ( NaCl) 0.4M NaCl. Chromatin and DNAwere digested with micrococcal nuclease (MN),
digested with EcoRI restriction enzyme, resolved in agarose gels and hybridized with a DNA probe to map nucleosomes at chromosomal STL1.
The scheme shows the location of nucleosomes (ovals) at the STL1 gene in the wild-type strain without stress.
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treated with 125mM glycine for 15min and washed four times
with TBS. Cells were then lysed and immediately digested with
7.5–125mU of MN. For naked DNA controls, genomic DNA was
extracted as previously described and digested with 0.003–0.2mU
of MN under the same conditions. MN-cleaved genomic DNA was
digested with EcoRI (for STL1) and resolved in 1.5% agarose gel
without ethidium bromide. For the analysis of STL1, the probe used
was the 200-bp PCR fragment immediately upstream of the EcoRI
site present in STL1 (at  1052 from the transcription start site).
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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